L z length of the computational domain (m) n power law index
Direct numeral simulation of turbulent pipe flows of shear-thinning fluids was carried out by Rudman et al. (2004) for n = 0.5, 0.69 and 0.75, using a spectral element-Fourier method, at a moderate Metzner-Reed Reynolds number (Re M R ≃ 3000 and 4000). A similar DNS study at a higher Meztner-Reed Reynolds number (Re M R = 7500) was conducted by Rudman and Blackburn (2012) . In the log-region, the velocity profile was
shown to agree well with the experimental data by Rudman et al. (2001) and Rudman et al. (2002) . The friction factors predicted by DNS were 10% to 15% higher than those referred to in earlier research (Dodge and Metzner correlations obtained from experiments).
The authors reported that this is most likely related to the imperfect fit of the experimental data concerning fluids with power-law rheology. It was shown that, for a given Reynolds number, the flow deviates further from the Newtonian profile as the power-law index n decreases, and the results suggest that the transition to turbulence is delayed. Moreover, the shear-thinning or thickening rheologies did not result in major changes to the nature of the flow at Re M R = 7500.
Direct numerical simulation (DNS) and large-eddy simulation (LES) are techniques well suited for predicting turbulent non-Newtonian fluid flows, because a detailed picture of the turbulent structures, profiles of turbulence energy, rms and Reynolds stresses are difficult to obtain experimentally. In DNS, numerically accurate and complete resolution of all spatial and temporal flow scales is required and no turbulence model is used. In LES, an accurate numerical resolution of a wide range of scales is required and only the smallest scales are modeled using a subgrid scale (sgs) turbulence model. While DNS is clearly a very useful tool for accurately simulating the turbulent flows, LES however can yield quantitatively accurate predictions at a computational cost which is significantly lower than the corresponding DNS one, since the effect of the smallest scales in LES is modeled and the mesh is relatively coarse. Moreover, when the Reynolds number is significant, LES provides an effective tool for predicting the effect of the flow index and Reynolds number on the turbulent fields of non-Newtonian fluids.
There are very few studies employing LES for non-Newtonian fluids. To predict the turbulence features in non-Newtonian fluid flows, Ohta and Miyashita (2014) 2 Governing equations and numerical procedure
Governing equations
The present study deals with the fully developed turbulent pipe flows of power-law fluids in a cylindrical pipe. The dimensionless filtered governing equations for incompressible nonNewtonian fluids, using the centerline axial velocity (U cL ) of the analytical fully developed laminar profile and the pipe radius R as velocity and length scales respectively, can be expressed as follows:
The Reynolds number of the simulations is defined as Re s = 
Dynamic eddy viscosity model
The subgrid stress tensorτ ij is related to the of strain rate tensorS ij as
where the turbulent viscosity ν t is expressed using an eddy viscosity assumption, ∆ is the
Following the model proposed by Germano et al. (1991) , with modifications and extensions provided by Lilly (1992) , the coefficient of the dynamic model C d is dynamically determined as :
where the tensors L ij and M ij are given as follows
Here a test filter∆ larger than the grid filter ∆ which is defined as ∆ = (r∆r∆θ∆z) 1/3 is introduced. The total volume-average box filter in cylindrical coordinates is used. The∆ filter width is twice in the axial and azimuthal directions in comparison to the grid filter ∆. The angle brackets, , denote spatial averaging procedure along the homogeneous directions of the flow to make the subgrid-scale coefficients well conditioned, and to reduce a large part of the spatial variations. Negative values of the turbulent viscosity are eliminated (i.e. set to zero).
Note that in the present LES study, the standard dynamic model of Germano et al. (1991) and Lilly (1992) is used to model the sgs shear stresses. The sgs stress tensor is thus given as τ ij = −2ν tSij , where the sgs viscosity ν t is a linear function of the shear rate |S | (cf. Eq. (3)). However, when the spatial filter is applied to the Navier-Stokes equations, in non-Newtonian viscous fluid flows (with spatially varying viscosity characteristics), additional terms are derived (Ohta and Miyashita, 2014) because the stress tensor is a non linear function of the strain rate tensor. This means that in the current LES study with a standard dynamic model, the additional terms are ignored. Indeed, these terms are smaller than the sgs stress : Ohta and Miyashita (2014) the dynamic sgs contribution is reduced and the LES results approach those of DNS). This provides justification for why it is reasonable to ignore the additional non linear terms in the filtered Navier-Stokes equations.
Numerical procedures
The governing equations were discretized on a staggered grid using cylindrical coordinates. The numerical integration was performed by a finite difference scheme, second-order accurate in space and time. The time integration and the velocity-pressure coupling are performed by the fractional step method suggested by Rai and Moin (1991) and modified by Verzico and Orlandi (1996) . In a first step, the momentum equations are solved by an incremental factorization method of ADI type to compute a non solenoidal approximation of the velocity field. This intermediate velocity field is not locally divergence-free but it is globally because periodic boundary conditions are applied in θ and z directions and the wall at r = R is impermeable. In this step, the time schemes are a third-order RungeKutta explicit scheme and a Crank-Nicolson implicit scheme for the convective and diffusive terms, respectively. In the second step, the non-solenoidal velocity field is projected onto a In wall bounded flows, the near-wall streaks in the buffer region play an important role in the regeneration of turbulent energy. The maximum production of turbulent kinetic energy occurs in the inner layer. Consequently a finer mesh is required in the near-wall region. It is well known that a wall-resolved LES needs a near-wall grid resolution of y + ≃ 1 (which means that the first gridpoint is located within the viscous sublayer) to capture the dynamically dominant streak-like vortical structures in the viscous and buffer regions. For present LES, the mesh with 65 nodes in the radial direction has a grid resolution of y + 1 < 1 for the first grid cell adjacent to the wall (see table 1 and the following discussion). That means that the flow simulation is able to capture accurately the major part of the eddies that contribute to the momentum transport.
The two-point correlations of the fluctuating streamwise velocity along the axial and azimuthal directions provide information about the flow structures and whether the pipe length is sufficient to capture the largest eddies in the flow. In a previous work (Redjem, Phd Thesis, 2008), we shew that the computational domain L z = 15R is large enough to simulate the largest structures for n = 1 (Newtonian fluid flow) at Re ≃ 5000. The computational domain in the periodic directions was not only large enough to capture the largest eddies of the flow, but also sufficient for the scalar field (i.e. to simulate the largest thermal structures). In the present LES, L z = 20R was fixed in all simulations. When the length is increased to L z = 20R, a convergence to the statistical steady state is reached for n > 0.69. In these cases, the results are obtained in a reasonably long pipe, rather than spending a large computational time checking the independence of the two-point correlations on L z . For n ≤ 0.69, the pipe length is also considered large enough even though the statistics are less good. Rudman et al. (2004) performed DNS runs on a domain lengths equal to 4πD for various n. Because their simulation for n = 0.5 was in transitional regime, they also performed a DNS for n = 0.5 on a domain length equal to 8πD. However, they observed that the average flow results of both DNS are very similar and still transitional for both domain lengths. The main difference is in the axial turbulence intensity that is slightly higher with the longest domain. The friction factors of the two domains differ by less than 2%. It clearly appears that the structures do not fill the domains (isolated structures persist when the domain length of the simulation is increased). The authors concluded that the results on the extended domain confirm that this flow is transitional. is also located at y + < 1 and there are many gridpoints within the viscous sublayer: from a minimum of 18 gridpoints to a maximum of 25 (see tables 2 and 3). Thus the simulation run for the smallest Reynolds number and flow index (Re s = 4000 and n = 0.5) can be considered as LES with high resolution; for the other cases, the LES are of moderate resolution except at Re s = 12000 for n = 1.2 which is rather a low LES resolution. Indeed, Montreuil (2000) pointed out that three grid resolution's levels can be distinguished: LES with ∆z + ≃ 35 and (r∆θ) + < 10 is referred to as LES with high resolution; LES with ∆z + ≃ 70 − 80 and (r∆θ) + ≃ 15 − 20 is referred to as LES with moderate resolution; LES with ∆z + ≃ 155 and (r∆θ) + ≃ 35 − 40 is referred to as LES with low resolution. When employing schemes second-order accurate in time and space, good results can be derived with ∆z + < 100 and (r∆θ) + < 12 (Zahrai (1995) ). Moreover, Zang (1991) showed that an accurate LES can be performed using ∆z + < 80 and (r∆θ) + < 40, with a minimum of three points within the viscous sublayer. In the present LES, there are many gridpoints within the viscous sublayer (more than three points) confirming that accurate LES are performed in this study.
To avoid the possible singularity at zero shear rate (η is infinite whenγ = 0 and n < 1), a cut-off valueγ = 10 −6 is added in the code. Below this value, the shear rate is supposed constant and set equal to the cut-off value. However this cut off is never invoked in the present LES runs becauseγ is always above the cut off value.
The time is made dimensionless using the pipe radius, R, and the maximum velocity 3 Results and discussion First of all, note that the Metzner-Reed Reynolds number, Re M R , is computed and not imposed in each simulation (the imposed Reynolds number is Re s ). The relation between the two Reynolds numbers is:
If the flow is laminar, Eq. (7) reads:
As a consequence, for laminar flows, the ratio Re s /Re M R monotonically increases from Re cr = 2100 (4n + 2)(5n + 3) 3(3n + 1) 2
Using this criterion, one can calculates Re cr for each n. Table 1 shows that all the simulations are performed for turbulent flows.
Mean velocity profile
The laminar axial velocity profiles, for various flow indexes n at Re s = 500, are depicted in figure 1 , along with the analytical distribution:
The predictions demonstrate a good agreement with the analytical equation. When n < 1, the velocity profiles flatten at the pipe center because the apparent viscosity η increases where the strain rateγ decreases, and the fluid tends to behave as a solid. Opposite behaviours are observed for n > 1 or close to the wall whereγ increases. Indeed, for dilatant fluids (n > 1), the apparent viscosity increases with increasing shear rate, i.e. near the wall. A possible explanation of the dilatant behavior is as follows. This behaviour is encountered in concentrated suspensions of solid particles. At rest, the voidage is at a minimum and the liquid present is only sufficient to fill the void space. At low shear rates, the liquid lubricates the motion of each particle past the others thereby minimizing solid-solid friction. Consequently, the resulting stresses are small. At high shear rates, however, the mixture slightly expands (dilates) so that there is no longer sufficient liquid to fill the increased void space and prevent direct solid-solid contacts and friction. This leads to the development of much large shear stresses (which result in increased friction) than those seen in a pre-dilated sample at low shear rates. This mechanism causes the apparent viscosity to rise rapidly with increasing rate of shear (Rajendra P. Chhabra, 2010) .
Shear thinning fluids (n < 1) are generally high polymer solutions or many suspensions.
With increasing shear rates, the molecules are progressively aligned and these fluids become less viscous with increasing shear rates. The micro-structure of such materials is even smashed up at higher shear. This results in lower viscosities, hence the fluid flows more easily. Naturally, smaller the value of n is, more shear thinning the material is.
Validation of the present LES calculations of the velocity field is also achieved by com- The axial velocity distribution is slightly underestimated in the log-region in comparison with this experimental data. This discrepancy may be due to the difference in the Reynolds number values between the present LES and the experiments of literature. Indeed, Re s = 4000 corresponds to Re b = 4449 for n = 1 (see Table 1 ), and it corresponds to Re w = 5200
for n = 0.9 .
On the other hand, the predicted LES profile for a flow index n = 0.75 at Re s = 4000
indicates a good agreement with the DNS result by Rudman et al. (2004) (see Fig. 2b ). The influence of the power-law index n on the velocity profile is also illustrated on this graph. In the viscous sublayer (0 ≤ y + ≤ 5), the normalized velocity profile agrees with the universal linear law U + = y + , for all values of n except for n = 0.5 where the prediction is slightly overestimated. This means that this flow is in the transitional regime and it confirms the observation by Rudman et al. (2004) for n = 0.5. Indeed, for n = 0.5, the viscosity is higher in the core region and hence the turbulence is not as fully developed here, even though the Reynolds number (R M R = 5302) is slightly higher than that observed for the other flow index values (see Table 1 ). This may be due to the difference between the viscosity and Reynolds number evolutions: the viscosity increases more rapidly than the Reynolds number for more shear-thinning fluid flows, damping the turbulence and inducing a less well-developed turbulent flow. In the log-region (y + > 30), the mean axial velocity profile for n = 1 agrees with the log-law U + = 2.5ln(y + ) + 5.5, and departs from the Newtonian behaviour when n is different from unity. This deviation is more pronounced for n < 1 as the flow index n decreases. Similar trends have been observed by Rudman et al. (2004) .
The influence of the Reynolds number is shown in Fig. 2c . By fixing the power-law index n and increasing Re s both an enhancement of the axial velocity values is clearly seen in the log-region, and the log-region is more expanded. Moreover, for a given Reynolds number, the log-region is more expanded by decreasing n.
Finally, note that the grid resolution and the sgs model play a non negligible role, Fig. 2d-e. This can be observed by comparing LES with and without the sgs model, at the highest Reynolds number (Re s = 12000), for two flow indexes (n = 0.8 and n = 1.2), using various meshes, from a very coarse grid (17 × 30 × 9) to a finer grid (65 × 65 × 65).
For the coarser grid, the predictions for the axial velocities without the sgs model deviate from
those with the sgs model, especially for n = 0.8, indicating how important this model is. Feiz et al. (2003) .
Indeed it enables an improvement in the results when very coarse grids are used, with the LES (with dynamic model) having significantly lower centerline velocity than the no sgs model (the sgs model provides more damping as expected). For the intermediate and finer grids, there is no difference between the LES results with and without sgs model. It seems that the sgs model is not important and that the fine grid resolution (65 3 ) is potentially good enough for a DNS. The role of the sgs model is reduced when the resolved viscous term (ie the gamma term) in Eq.(2) is greater than that due to the sgs one (ie the τ ij term). If the near wall structures are more oredered (ie more viscous and less turbulent), the sgs model should be less important because less energy goes from the resolved to the unresolved scales.

Note that the ratio between the centerline velocities using LES with dynamic model for the coarser and finer grids is approximatly
Friction factor
The friction factor is defined by f = 2τ w /(ρU 2 b ). For the fully developed laminar flows simulated at Re s = 500 for various n values, the predicted friction factor value is f ≃ 0.0341. This is within a 2.3% accuracy when compared with the well-known correlation f = 16/Re M R . On the other hand, for the fully developed turbulent flows, the friction factor decreases for decreasing n (at a given Re s ) and for increasing Re s (at a given n), see Table 1 . The present LES predictions of f for shear-thinning and Newtonian fluids (n ≤ 1), at Re s = 4000, are slightly overestimated in comparison to the following Dodge and Metzner (1959) correlation:
where a = 0.0665 + 0.01175n and b = 0.365 − 0.177n + 0.062n 2 . The discrepancies vary between 9% and 14.5% for the cases at Re s = 4000 (see Table 1 ), between 2.2% and 20.6%
at Re s = 8000 (see Table 2 ), and between 4.4% and 15.8% at Re s = 12000 (see Table 3 ). A similar observation has been reported by Rudman et al. (2004) : their DNS predictions were 10% to 15% higher than the Dodge and Metzner correlation. For shear-thickening fluids, the discrepancy is enhanced. Gomes (1987) proposed an explicit relation for pseudo-plastic fluids (n ≤ 1): This relationship seems to give better results for Re s = 4000: the present friction factor is now 3.7% to 10.4% higher than Gomes correlation for n ≤ 1. There are a number of other friction factor correlations (empirical or semi-empirical) for pipe flows of power law fluids, in the literature. El-Emam et al. (2003) tested correlations against published data. They noted that many of these correlations fitted the experimental data of their authors but did not fit that of other authors, indicating a lack of generality.
Mean normalized viscosity
The variation of the mean viscosity scaled by the mean wall viscosity, versus the shear rate, for different values of power law index n, at Re s = 4000, can give further insights into the flow field. The smallest values of the relative shear rate <γ > /γ w in figure 3a are located in the pipe centre, while the highest ones are located near the pipe wall. For the flow index n = 1, the Newtonian behaviour is find (constant viscosity equal to wall viscosity). At n < 1, this graph (Fig. 3a) clearly displays lower relative viscosity < η > /η w for high shear rates. For a given n (n < 1), the relative viscosity increases from the pipe wall towards the pipe centre because the fluid tends to behave like a solid rather than a liquid when approaching the core region of the pipe, due to the lower shear rate in this region. This trend is more pronounced as n decreases. For n > 1, the opposite behaviour is observed. Shear thickening fluids become more viscous with increasing shear rate. Shear thickening behaviour is less common and generally arises in fluids that have a highly regular micro-structure at rest. When the fluid begins to move, the micro-structural components jam against each other, thickening the fluid thus preventing movement.
In the core region, for flows with increasing shear-thinning behavior (n < 1), the deviation from the Newtonian behaviour is faster than that for flows with increasing shear thickening behaviour. The ratio between the viscosity in the centre and the mean wall viscosity is about 1.8, 2.2, 2.8 and 5.1 for the flow index n = 0.8, 0.75, 0.69, and 0.5 respectively, and approximately 0.6 and 0.4 for n = 1.2 and 1.4 respectively, indicating higher relative viscosities (η/η w ) in the core region of the pipe for n < 1 than for n > 1.
Note that for all values of n, the mean viscosity remains constant in the viscous sublayer up to y + ≃ 5, denoting a linear velocity distribution in this zone (not shown here). Figure 3b depicts the behaviour of the dimensionless apparent viscosity < η > versus the wall distance y + , for Re s = 4000: near the wall, the apparent viscosity < η > is constant for a given n up to y + ≃ 5. It increases with increasing n for y + < 5, while it decreases with increasing n after the wall distance y + ≃ 35, for n ≥ 0.69. Once again, the case n = 0.5
deviates from this behaviour probably because this flow is transitional.
When plotting the mean relative viscosity < η > /η w versus the mean relative shear rate <γ > /γ w , Fig.3c , all the distributions collapse, as expected. Indeed, the dimensionless apparent viscosity, η d , is related to the dimensionless shear rate and the Reynolds number by < η d >=<γ n−1 d > /Re s . Therefore, the Reynolds number disappears in the relative
However, the plot of the mean relative viscosity < η > /η w versus the mean shear rate <γ > clearly exhibits the effect of the Reynolds number on < η > /η w , Fig.3d : the mean relative viscosity < η > /η w is noticeably affected by the Reynolds number for n = 0.8; the influence of Re s (and thus
Re M R ) on the viscosity is quite small for n = 1.2; with increasing Re s , the mean viscosity becomes almost independent of Re s (the LES predictions at Re s = 8000 and Re s = 12000
are very close to each other).
Root mean squares of turbulent fluctuations and Reynolds stress
In figure 4a , the rms of axial, radial and azimuthal velocity fluctuations and the corresponding experimental data of Eggels et al. (1994) are in reasonable agreement for n = 1. In figure 4b , for n = 0.9, the LES predictions are underestimated in comparison to the experimental data by Pinho et al. (1990) , particularly for the axial component near the wall.
The root mean square (rms) of fluctuating axial velocity is plotted in figure 5a , at various values of power law index n, for Re s = 4000. The predicted rms for n = 0.75 is in satisfactory agreement with the DNS result of Rudman et al. (2004) . The maximum value of the axial velocity fluctuations increases and its position moves far away from the wall with increasing n. It moves from y + ≃ 13, 67 at n = 0.5 to y + ≃ 23, 79 at n = 1.4. The rms of axial velocity fluctuations, Fig. 5a , is reduced in the vicinity of the wall when n increases, and is enhanced after reaching the peak location. This is due to the fact that the apparent viscosity η increases with increasing n near the wall (in the viscous sublayer), but it decreases when n increases in the turbulent layer (see Fig. 3c ). Thus the turbulent fluctuations develop and are more intense far from the wall (after the peak) when n > 1 and closer to the wall when n < 1.
The radial and azimuthal velocity fluctuations are smaller than the axial ones, and reach a maximum further away from the wall, Fig. 5b -c. Both radial and azimuthal turbulence intensities diminish with decreasing n in the turbulent layer (as soon as y + > 20), denoting an augmentation of the mean apparent viscosity in this region. For n < 1, the increase of the mean viscosity towards the pipe core generates larger and weaker axial vortices, hence reducing the wall drag. For shear-thickening fluid flows, the mean viscosity is smaller in the pipe core, leading to less dissipation and shorter turbulent structures in this zone. Figure 6a shows that for a given flow index n, when the Reynolds number increases, the distribution of the fluctuating axial velocity rms shifts towards the wall, and a significant rise of its peak is observed. The influence of n on the peak value of axial velocity fluctuations appears to be more pronounced at the lowest Reynolds number (here Re s = 4000). At
Re s = 12000, the flow index n seems to have no effect on the maximum value of axial turbulence intensity, while its influence on the peak location is marked.
Similarly, on figures 6b-c, the distribution of the rms of radial and azimuthal velocity fluctuations moves towards the wall with increasing Reynolds number, since the thickness of the viscous sublayer diminishes and hence the turbulence transports higher momentum towards the wall. However, the maximum value of the radial velocity fluctuations is reduced when Re s increases, whereas the peak of the azimuthal turbulence intensity profile disappears, Fig. 6c , creating two new peaks at Re s = 12000.
The predicted Reynolds shear stress < u ′ r u ′ z > /U τ agree reasonably with the experimental data (n = 1) and DNS results (n = 0.75) of literature, Fig. 7a . The Reynolds shear stress behaves like the axial turbulence intensity when the flow index varies (see Fig. 5a ).
Its distribution is shifted towards the wall with increasing n for a given Re s , and its peak value is noticeably enhanced. Similar behaviour is observed when the Reynolds number increases, for a given n, Fig. 7b . The influence of Re s on the Reynolds shear stress is much more pronounced for y + < 40 (i.e. before reaching the peak location) than for y + > 40. , with respect to y + . This graph exhibits a plateau with almost the same value for all n. The plateau is more and more extended with decreasing flow index n. This result means that the axial velocity fluctuations are correlated to the radial ones along a more extended region when n decreases.
The effect of the power law index n on the turbulence kinetic energy was also analyzed but is not shown here. The position of the maximum turbulent kinetic energy moves far further from the wall as n increases, at a given Reynolds number. This behaviour is expected since the mean viscosity decreases towards the pipe centre with increasing n.
When Re s increases, the peak value of kinetic energy is enhanced. (Xu et al., 1996) . The intermittent behavior is more important as n decreases, and more pronounced for F (u Fig 11a- c. The more intermittent behaviour close to the wall means that the probability of observing large variations from the mean axial and radial velocity components close to the wall is much higher than in the centre of the pipe, especially when n decreases. Far from the wall, the factor F (u ′ r ) is equal to the Gaussian value (F = 3), irrespective of n, whereas F (u ′ z ) and F (u ′ θ ) tend to the Gaussian behaviour for only n ≥ 1. The flatness profiles extends towards the core region with decreasing Re s , for a given n, Fig. 12 .
Flow pictures
To explore the effects of the flow index on the near-wall structures, contours of the axial velocity at the distance y + ≃ 15 from the wall are visualized in figures 13a-d for Re s = 4000.
As n increases, the turbulence structures are more random, the axial correlation distance (stretching) is shorter and the streaks are shorter and stronger. This is in accordance with increasing turbulence intensities, from Fig.13a to Fig. 13d , meaning that the turbulence is more developed. For the lowest flow index (n = 0.5), Fig.13a , the turbulence activity is poor. This flow seems not fully developed, because of the higher viscosity in the core region.
However, the mean flow statistics (of first and second order) are still accurately predicted.
Contours of the resolved axial velocity in r − θ plane at Re s = 4000, Fig. 14 a-d , show that the turbulent structures are essentially located close to the pipe wall for n > 0.5. Further from the wall (for y + > 15), the turbulence activity is attenuated in comparison to that at y + ≃ 15, especially for n < 1. Indeed, in the core region, the viscosity is increased for n < 1 (since this zone is a lower shear region) inducing a damping of the turbulent structures and hence a reduction in radial momentum transfer: the turbulent structures are weaker and bring less high speed fluid from the core region to the wall region. At n = 0.5, when the Reynolds number is higher (Re s = 8000, not shown here), the wall streaks are less long than those observed at the same position for Re s = 4000, denoting a more developed turbulence. is reduced, leading to a better developed turbulence. A reduced friction factor for decreasing n (at a given Re s ) and for increasing Re s (at a given n) is also shown. The apparent viscosity < η > is constant for a given n up to y + ≃ 5. It increases with increasing n for y + < 5, while it decreases with increasing n after the wall distance y + ≃ 35, for n ≥ 0.69.
Conclusion
The LES results obtained in this study indicate that LES, with the conventional dynamic model of Germano et al. (1991) and Lilly (1992) Fig.2d Effect of the sgs model and mesh on the axial velocity profiles, n = 0.8. Fig.2e Effect of the sgs model and mesh on the axial velocity profiles, n = 1.2. Fig.3a Mean normalized viscosity versus mean normalized shear rate: effect of n. Fig.3b Behaviour of the mean normalized viscosity. 
